Sixteen accelerator mass spectrometry (AMS) radiocarbon (14C) determinations for oxalate crusts overlying three pecked rock markings (cupules) at three separate localities in the Keep River area of north western Australia provide age estimates from 1430-11,000 years since the markings were last retouched. These are the first direct dates reported for rock-art of this kind. While these determinations do not lend strong support to previous arguments for a Pleistocene cupule age they also do not refute such arguments. We maintain the age of the crusts is more closely related to climatic fluctuations rather than when cupules were produced, with crust formation directly related to the nature of local ecological conditions. We discuss implications for estimating the time-depth of rock-art sequences in northern Australia, and general problems with the direct dating of rock-art.
Introduction
During the past decade there has been much interest and excitement in dating rock-art around the world as such age determinations can tell us about the antiquity of particular images, pictures, patterns, 'styles', sites and even cultures. The results of rock-art dating programs can also inform us about cultural change and perhaps even the origin of certain symbolic processes or 'art' itself. In northern Australia the antiquity of rock-art is of great significance in interpretations of regional, local and national prehistory. In several recent regional syntheses, the general sequence of rock-art places highly distinctive pecked cupules at the beginning (Chaloupka 1993; Hood 1996 Hood , 1997 Taçon et al 1997; Taçon and Chippindale 1994; Walsh 1994; Welch 1993 ). This interpretation rests primarily on local evidence of superimpositioning of distinct rock-art styles.
In addition, a number of styles have been dated directly (eg. Nelson et al 1995; Roberts et al 1997; Watchman et al 1997) giving time depth to chronologies and testing age assumptions based on indirect dating methods. However, direct dates have been challenged on various grounds, with no clear consensus on absolute ages (Bednarik 1996; Rosenfeld and Smith 1997; Taçon 1998) . Research at Jinmium, in the Keep River area of the east Kimberley region, suggested ages for pecked cupules based on thermoluminescence (TL) estimates of between about 58,000 and 75,000 years (W1424, W1645) on sediments which buried fragments of engraved sandstone (Fullagar et al 1996) . These TL estimates were considered provisional, pending further results from determinations on sediments using radiocarbon and optically stimulated luminescence (OSL), and on the radiocarbon dating of oxalate accretions formed over engravings. The radiocarbon and OSL results suggest the sediments burying the engraved sandstone fragment are less than 3,000 years old, and that the entire deposit may be Holocene see also Spooner 1998) . This large discrepancy is an extreme instance of the contradictory views of dates for Australian sites currently arrived at by different dating procedures. Conflicting opinions of the optical and thermoluminescence age estimates persist and the dating of initial human occupation at Jinmium is not yet resolved (Roberts 1998; Price 1998a, b) .
Calcium oxalate salts that have formed in hard crusts on ledges within rockshelters across northern Australia have been used for determining the ages of rock paintings (Watchman 1993) and engravings (Watchman and Hatte 1996) . Calcium oxalate, either as whewellite (CaC2O4.H2O) or weddellite (CaC2O4.2H2O), is believed to crystallise as a result of microorganic interactions (particularly fungi and algae) with dust and water on damp surfaces in rock shelters; once formed, it remains stable, without exchanging isotopes with atmospheric or other sources of carbon. It is that stability which gives confidence in radiocarbon age estimates on oxalate crusts. Stratified layers of oxalate in crusts that are more than 2 mm thick from north Queensland have been dated in chronological sequence from almost 30,000 to 3,000 years ago (Watchman and Campbell 1996) . Radiocarbon dating the formation of oxalate at the base of a crust enables the estimation of minimum ages for the underlying cupules. We present here the results of the direct dating of such crusts overlying the cupules.
Keep River Region cupules
In 1996 and 1997 twenty-six cupule sites were recorded at Jinmium and Granilpi (Taçon et al 1997) . We define cupules as 'cup-shaped non-utilitarian marks' after Flood (1997:145-6 ) and note distinctions with grinding hollows that resulted from food or ochre processing. In brief, grinding hollows are rather larger and occur only on flat or nearly so surfaces; cupules are rather smaller and commonly occur on vertical surfaces. Cupules resulted from pecking and pounding, with both techniques used to make some motifs in conjunction with abrading. Cupules on walls average 28-32 mm in diameter, those on boulders 58-66 mm. Structured distribution patterns were noted, and ten ways in which they were used to mark places, define boundaries, link localities, highlight natural features and define spaces within shelters were outlined (Taçon et al. 1997:957) . In June 1997 we sampled cupules at three locations: two from within the Jinmium complex of sites (KR1 and KR24) and one at Granilpi (KR10; see Figure 1 ). At KR1, the site excavated by Fullagar et al (1996; see also Taçon et al 1997:951) , an accretion was removed from a small cupule near the highest part of the back wall of this relatively open rock shelter, just below the junction with the sloping ceiling. The cupule is one of a dozen or so on this part of the wall above a section of sandstone bearing many more cupules. The cupule considered suitable for sampling is on the right hand side of a protruding piece of rock, the remnant of a more extensive surface which has fallen off. The cupule measures 28.2 mm wide by 10.5 mm high and is 3.8 mm deep. Six layers of accretion were removed progressively from the cupule in a micro-excavation process (Figure 2, 3) .
The second site, KR24, is located several hundred metres south of KR1, on the eastern side of the sandstone ridge. It is a relatively small outlier lying a few metres from the main sandstone massif (see Taçon et al 1997:952-54) . The mushroom-shaped outlier has cupules pecked into the vertical and sloping surfaces under a protective ceiling and roof. A sloping surface with two rows of small pecked cupules was selected for study, and an accretion from one of the upper cupules (fourth from the top) was excavated for dating. Three layers were excavated from the crust overlying the cupule and an off-art crust sample removed from the sloping upper ledge (Figure 4) . The KR10 rock shelter at Granilpi (Taçon et al 1997:956 ) is formed in a medium-grained feldspathic sandstone. It is a low rock shelter formed in an arch, slightly above the surrounding plain. Near the back wall is a horizontal ledge on which cupules, about 25mm across and 14mm deep, have been made. A thin, shiny brown accretion has formed over these cupules. The front edge of the ledge has been broken across one cupule and accretion was removed from one side at the base of the depression. This micro-excavation resulted in six powdered samples representing six levels from within the crust (Figure 6 ). An off-art sample of crust was chipped from the ledge adjacent to the cupule. 
Analytical methods
Powders of crust were obtained by progressively removing layers of accretion approximately 0.05mm thick from areas within cupules measuring roughly 2x1 cm. A small portable engraving tool fitted with a tungsten carbide dental burr and powered by two 6V batteries was used for grinding the hard brown crusts. A binocular pair of magnifying glasses aided observations of the microexcavation process. The dusty powders were collected onto aluminium foil, labelled and stored in plastic film canisters. Fragments of crust were also removed from broken edges within cupules and on the surrounding rocks for micro-stratigraphic analyses. Minerãlogical and geochemical analyses were carried out on a sub-sample of each powder and a polished cross section of small rock surface chips were examined geochemically using a microprobe. For AMS 14C dating, calcium oxalate salts were selected because they were found in the crusts and they have been used previously to determine the antiquity of engravings (Watchman and Hatte 1996) , and the chronological succession of stratified layers of encrusted paintings (Watchman 1993; Watchman and Campbell 1996) . The aim* of dating carbon in oxalate salts by distinguishing micro-excavated layers in each crust is to establish if the age estimates are reliable. A single date or suite of dates on an entire crust would give a blurred average; a series from the microlayers should show a patterning. Conformable age sequences for a layered crust should indicate slow progressive deposition of components in cupules that are unaffected by contamination. Signs of contamination by young or old components should be clearly evident by a wide difference in ages between layers. Furthermore, the thickness of a crust compared with its age should indicate whether deposition in crusts was uniform or if erosion had occurred (see the Appendix for details of the extraction technique).
Results

Mineralogical analysis
The rock type on which crusts have formed is a mediumgrained quartz sandstone cemented with a kaolinite matrix at Granilpi (KR10) and Jinmium (KR24) and by secondary silica and clay at the second Jinmium site (KRl). The crusts covering cupules are thin, ranging from 0.1 mm to 0.25 mm thick; they are compositionally and texturally stratified. The KRl crust is essentially composed of a single calcium-rich deposit of oxalate with interdigitated small lenses of sulphate (mainly gypsum), fine clay lamellae and minute quartz grains (Figure 2 continuous band of hematite and jarosite covering the quartz grains of the underlying rock. The upper half of the KR10 crust appears relatively homogeneous, consisting of finely laminated clay and a mixture of fine quartz particles, whewellite (CaC2O4.H2O), gypsum (CaSO4.2H2O) and magnesium phosphate. An off-art sample of crust collected from the broken edge of the engraved ledge, though thicker than in the cupule, essentially consists of the same mineralogical composition ( Figure 5 ). Analysis of the crust at site KR24 is based on a sample taken from an 'off-art' location, a partly detached flake about 10 cm away from the cupule selected for dating; the crust in the cupule itself was too thin and fragile for cross-sectioning and mineralogical study. The KR24 off-art crust is between 0.5 and 0.75 mm thick, compared with only about 0.1 mm in the Figure 5 . Sketches of the excavated area of crust and enlarged cross sections through the laminated crusts offart and in the horizontal cupule at KR10. The sequence of uncalibrated radiocarbon age determinations (years bp) are indicated for the respective depths within the crust. A focused laser was used to extract carbon from the centre of the relatively thick off-art section of crust. cupule ( Figure 4 ). Four distinct layers in the KR24 off-art crust are composed of variable amounts of calcium, magnesium and sodium phosphate, as well as oxalate salts. Quartz and clay are disseminated through the crust, not confined to a single layer. The basal layer essentially comprises sodium-magnesium phosphate, the layer above that contains mainly whewellite, the third layer consists of alternating oxalate and phosphate bands and the surface layer is predominantly magnesium phosphate.
AMS determinations
Sixteen age estimates for oxalate in micro-excavated layers range from 1 ,430 to 1 1 ,050 radiocarbon years before present (bp; Table 1 ). Because the age of oxalate at the base of a crust covering a cupule gives an estimate of its minimum age the Jinmium-Granilpi cupules are at least 2,130 ± 60 radiocarbon years old at KR1, 11,050 ± 650 (but see below) at KR24 and 4,560 ± 50 at KR10.
Three measurements of 813C were also made to support the proposition that the carbon in oxalate is derived from micro-organic activity. An essential requirement of the dating strategy is to show that the age determinations for carbon atoms in the oxalate salt represents the age of formation of oxalic acid by micro-organisms on the surface of a cupule. The measured 813C for oxalate in excavated layers of crust ranged from -14.9 per mil (Layer 2 of KR10) to -17.2 per mil (layer 4 at KR1 Table 1 . Accelerator mass spectrometry radiocarbon determinations (uncalibrated) for the age of oxalate carbon in laminated rock surface crusts covering cupules, Jinmium-Granilpi area, Northern Territory (CAMS = Center for AMS, Lawrence Livermore National Laboratory, USA; OxA = Oxford University Accelerator Unit, UK; Crust = weight of powder collected from micro-excavation; 813C was measured on samples where sufficient gas was available; * = dichromate treatment of solution after permanganate oxidation; n.a. = not available).
analyses were made of modern oxalic acid (-18.2 per mil) and calcium oxalate formed as a precipitate in the reaction of the acid with calcium chloride (-19.8 per mil) solution at 60°C. The measurements for natural samples are consistent with values for synthetic oxalate compounds and those expected for metabolic products derived from Krebs cycle photosynthesis (Hedges et al. 1998) .
Two off-art age estimates for oxalate indicate that crust started to form on the ledge in shelter KR10 approximately 8,520 years ago (CAMS 45670). Crust then continued to form until the recent past as evidenced by the measurement mid way up the layered off-art crust sequence (2,400 ± 80 years bp, CAMS 45672).
Discussion
The use of micro-excavation techniques and selective extraction of carbon from oxalate salts in crusts covering cupules has given us the opportunity, for the first time, to look in detail at the archaeology of cupules. Our observations and analyses provide data which we believe will stimulate debate about rock-art dating methods and their reliability and the use of radiocarbon dates from crusts to indicate minimum ages for engravings. We discuss these issues below and consider their implications for environmental changes, human occupation of rock shelters and rock-art chronologies in northern Australia.
Reliability of age estimates
Are all or only some of the radiocarbon age determinations, using oxalate in the crusts, reliable indicators of cupule age? Calcium oxalate salts are highly insoluble; once formed, they are extremely difficult to redissolve in water and transport to another site, so they are considered excellent sources of datable carbon. Oxalate salts are also believed to form from the activities of microorganisms that live on damp, dusty rock faces, with the carbon being derived from the atmosphere at the time. Therefore, the micro-excavated layers are most likely to contain oxalate salts that have crystallised there in their primary place of deposition. It is also because of this chemical stability that the oxalate salts do not exchange carbon with the environment once the carbon has been locked into the crystalline phase. Measuring the age of carbon in oxalate is therefore a sound way of determining when the oxalate was deposited.
Introduction of carbon-bearing substances (humic acids, charcoal, carbonate, plant and insect debris, pollen etc.), to materials that form rock surface crusts will not affect the age determinations for oxalate because they will not be oxidised under the rapid and mild reaction conditions specifically chosen in this case. The acidified permanganate reaction was used for the JinmiumGranilpi samples because it decomposes oxalate minerals in a few minutes (Gillespie 1997) . Much stronger oxidising conditions and longer reaction times are necessary to decompose other organic substances (Bird and Gröcke 1997) . Potassium dichromate was used on the permanganate-reactant solution to oxidise the organic matter, but only one sample (KR1 Layer 4) produced enough carbon dioxide for radiocarbon assay. The age determination for that extraction overlaps the age of the oxalate carbon (one sigma), suggesting that both the organic matter and the oxalate salt were deposited simultaneously.
The warm acid pre-treatment and use of the permanganate oxidation reaction should have minimised contamination from non-oxalate carbon sources, but the problem of contamination from old carbon from carbonate cannot be overlooked. While the mineralogical analyses did not identify calcite, dolomite or any other carbonate mineral, a small, undetectable amount of carbonate could have been present in the powders. In warm acidic solutions, dolomite reacts much more slowly than calcite producing carbon dioxide. If dolomite was present in the crusts in quantities less than the detection limit of X-ray diffractometry, then old carbon was probably mixed with carbon from oxalate making the estimate of age older than the real value.
Each radiocarbon age determination is actually the pooled mean age of all the oxalate crystals in a sample because the micro-excavated powder contains oxalate that was deposited across a surface area of several square centimetres. As oxalate crystals were deposited in space, as well as over time, across the surface of a cupule the AMS 14C age estimate derives from the mean carbon-14 activity of all crystals in a sample. Some crystals will be older than others, but the pooled mean age will indicate approximately when all the crystals in that layer were deposited. In addition, and because of slight undulations within a layer, the pooled mean age of oxalate crystals in one layer may be slightly older than the layer immediately underneath. Sampling irregularities will also increase the likelihood that an older layer will be superimposed over a younger layer (e.g. Figure 4 ), especially where the depositional layers have been laid down in a complex way (Figure 2) .
The sequence of determinations in the KR10 crust demonstrates that the pooled mean age of oxalate in a series of layers becomes progressively younger towards the surface. This is expected and indicates highly reliable measurements. Slightly less confidence is provided by the determinations in KR1, but the textural evidence and micro-site setting of that sample substantiate the interpretation that structural weakness has permitted the introduction of younger oxalate-bearing sediment into fractured crust.
The crust at KR24 is thin, less than half that at KR10 and KR1, but it is considerably older. The great difference in age between the onset of crust formation in these crusts could be caused by the initial accumulation in the KR24 cupule of older components derived from the physical weathering of crust on the sloping ledge above the cupule. On the other hand, it could also signal the possibility that some other chemical process may have taken place during oxidation of the oxalate salts in that sample. Mass fractionation of carbon isotopes may have occurred in such a way that 14C-deficient carbon dioxide was liberated from the oxalate salts. This would give an apparently older age because the mean 14C activity of the gas would be lower than in the salt. Further work needs to be done to investigate whether certain minerals can affect the oxidation of oxalate salts. The oxalate in the surface layer of crust in cupule KR24 is consistent with age estimates for similar surfaces at the other two sites, so this potential problem may not be widespread. It therefore seems more likely that contamination of the basal oxalate in KR24 with older substances derived from physical erosion of existing crust on the ledge higher upslope could have shifted the measured age to an older value.
Minimum ages for Keep River cupules
Radiocarbon age estimates for carbon in oxalate in the sample of three Jinmium-Granilpi cupules give the cupules a mid-Holocene minimum age. The pecked cupule at KR 1 is at least 2,130 years old and possibly more than 5,840 years old. This minimum age estimate is consistent with the optical and elemental carbon chronology of sediments that cover a fallen slab of sandstone containing pecked cupules that was retrieved from an excavation beneath the engraved panel. Optically stimulated luminescence measurements on single quartz grains and radiocarbon dating of finely dispersed charcoal indicate that sediments covering the fallen slab are about 3,000 years old . If this age estimate of the sediment is correct, then the minimum age of 5,840 years for the cupule on the shelter wall is a reasonable estimate for when the cupule might have been last used.
At the KR10 site the minimum age of the cupule is at least 4,560 years, but it could also be more than 5,280 years old. This matches the mid-Holocene age at KR1, and agrees with the thickness and age estimate for a sample of crust collected from an off-art position at the same site ( Figure 5 ). The age determination of 8,520 years for off-art crust may mark the beginning of formation of the rock crust on that ledge. At KR24, the minimum age estimate of ll,050±650 years bp for the cupule is more problematic because a disparity is apparent between the thickness of the crust and its age when compared with the other crusts in the Keep River region. A mid-Holocene age would not be implausible for the base of the crust in this cupule, but the measured age seems far too old. More radiocarbon analyses of crust in other cupules and from off-art locations plus with additional chemical analyses and research into oxidation reactions involving oxalate salts should explain the apparent anomalous result.
The KR10 cupule has a thin hematite deposit at the interface between the base of the crust and the underlying sandstone. If this is remnant ochre, as we suspect, then it has implications not only for cupule function, but also in terms of oxalate and crust accumulation. If the cupule were used for grinding ochre, then this physical activity would have prevented oxalate and crust formation. While an age of 4,560 radiocarbon years was obtained for oxalate at the base of the crust in the KR10 cupule, this represents the approximate mid-Holocene period when cupule use ceased and crust started to form.
The KR10 cupule is certainly older than the measured age of oxalate at the base of the crust that lines its base and sides. One can argue that all evidence of crust formation prior to the presumed start of crust formation on the ledge (8,520 years ago), has been removed during grinding of materials and that the cupule is more than 8,520 years old. While it is not possible to specify the start of cupule production using these radiocarbon age estimates it is clear that the sandstone underlying the cupules was not exposed after the mid-Holocene. Therefore the cupules were presumably not repecked or used for their original function after that time.
Implications for palaeoenvironmental studies Mid-Holocene ages for crust in Keep River cupules are consistent with crust thicknesses and ages determined elsewhere in northern Australia (Watchman and Campbell 1996; Watchman 1997) . Such relatively recent age estimates for crust formation in the Keep River, Kimberley and Victoria River districts (Watchman et al submitted) , might also signal that environmental conditions in northern Australia changed during the midHolocene to warmer and wetter conditions, favouring micro-organic colonisation of rock shelters and the consequent production of oxalate salts.
Palaeoecological evidence for northern Australia, albeit derived mostly from coastal and north-east Queensland upland sites about 1700 km from Keep River, indicates warmer and wetter conditions during the early-mid Holocene (Hiscock and Kershaw 1992) . Differences between this period and the late Pleistocene are likely to have been extreme in the Keep River and surrounding region. While detailed research is still in progress, it is expected that greater continentality of climate, characteristic of the whole of northern Australia around the last glacial maximum (Woodroffe 1993) would have been exacerbated in all those rivers draining onto the extensive north west shelf, now the Joseph Bonaparte Gulf. Swamps in the Great Sandy Desert began to accumulate about 7000 years ago due to an inferred increase in regional precipitation, with stable vegetation prevailing since then (Wyrwoll et al 1986) . If crust formation requires warm and wet conditions, we would not expect to see any evidence until well into the Holocene (McGlone et al 1992) .
The picture is complicated somewhat at both ends of the time scale. Recent research shows that temperature and precipitation fluctuations within the glacial-interglacial cycles are not always in phase (Nanson et al. 1992, Kershaw and Nanson 1993) . There is now evidence from both northern (Nott 1996) and southern Australia (Page et al 1994) of wetter events and maintenance of high lake levels, possibly associated with reduced evaporation, across the glacial maximum. Whether such cool and wet conditions were potentially conducive to microorganic colonisation is not yet known.
Evidence of climatic change is likely to provide the opportunity to better understand the conditions under which the crusts were formed. However, the available evidence indicates both spatial and temporal variability. In reviewing a range of evidence, McGlone et al (1992) argued that the last 3-5000 years saw drier and more variable conditions with high ENSO (El Niño Southern Oscillation) activity. Short periods of decreased wet season rainfall contributed to episodic dune initiation across north-western Australia, particularly between 2700 and 1800 years ago (Lees et al 1992) . On the other hand, the onset of organic deposition at a number of Cape York swamp sites about 2500 bp is interpreted as evidence of more reliable water levels, or at least less severe dry seasons, than previously (Stephens and Head 1995) . The most precise estimates of past seasonality come from the work of Kershaw and Nix (1988) who estimated precipitation of the driest quarter. Swamp accumulation and maintenance is consistent with their interpretation of a slight increase in driest quarter precipitation at Lake Euramoo, on the Atherton Tableland, between 3600 and 2600 bp. The site specific, seasonal or longer term influences on crust formation remain to be clarified by future research. Conversely, if they can be clarified, the crusts themselves will provide a new line of palaeoecological evidence.
Implications for rock-art sequences
Direct dating of the Jinmium-Granilpi cupule crusts in this study is consistent with at least three scenarios: a) Early age estimate for both the deposit and the art (exceeding 45,000 years), b) Recent age estimate for both the deposit and the cupule art (less than 10,000 years), and c) Middle age estimate of Pleistocene age for either or both (up to 45,000 years).
a) Early
The rock-art sequence in the Jinmium-Granilpi area and its comparison with other rock-art sites across northern Australia suggests a maximum age of cupules of many tens of thousands of years (Taçon et al. 1997) . Support for ancient cupules was initially provided by preliminary thermoluminescence determinations of Jinmium deposits of more than 58,000 years (Fullagar et al. 1996) . However, recent age determinations using OSL and elemental carbon for Jinmium deposits do not support early cupule production. There is also a general lack of direct evidence of human art activity or habitation for this period from other locations within northern Australia. The exceptional case is the rare discovery of striated ochre in the occupation deposit at Malakunanja dated to about 60,000 years ago (Roberts et al. 1990 ; but also see O'Connell and Allen 1998). As well, radiocarbon and cation-ratio age determinations of over 40,000 years for South Australian rock engravings have recently been withdrawn (Dorn 1997) , so there is only slim evidence for early production of cupules in the far north.
b) Recent
A very recent or Holocene age for cupule engravings does not sit well with the results of rock-art research at cupule sites across northern Australia, although all researchers do note that cupules, like hand stencils, were made during many time periods, including during the ethnographic present (eg. Flood 1996:29) . General agreement exists that large wall panels of cupules (as found at Jinmium and Granilpi) are consistently found under other forms of painted, engraved or beeswax motifs (Chaloupka 1993; Flood 1996; Taçon and Chippindale 1994; Taçon et al. 1997; Walsh 1994; Welch 1993 If the recent scenario for large wall panels of cupules were correct, then all north Australian rock-art chronologies from Arnhem Land to the Pilbara would have to be significantly revised, with age estimates for all periods re-evaluated and associations between rock-art and deposits reassessed. It seems to us highly likely that some cupules in northern Australia were made much earlier than 4500-5800 years ago.
c) Middle
At Carpenter's Gap, 500 km southwest of Jinmium, in the Kimberley, O'Connor (1995) has excavated a ceiling rock slab bearing ochre from the floor deposit radiocarbon dated to 39,000 years, and argues it is from a painting. Wandjina style and distinct paintings of the type consistently found over cupules by Walsh (1994 ), Welch (1993 and others occur in the same shelter above the excavated floor. Also in the Kimberley, OSL age determinations obtained from a mud-wasp nest that is associated with a painted human figure suggest a minimum age of 17,000 -26,000 years for weathered purple paintings. In contrast, Watchman et al. (1997) have obtained AMS radiocarbon determinations suggesting some Bradshaw paintings are probably only 4000 years old, or marginally older. It has been demonstrated through superimposition studies that all of these forms (including a Bradshaw Figure in the Granilpi complex), post-date many cupules in both the West and East Kimberley regions (Taçon et al 1994; Walsh 1994) . Although the OSL mud-wasp dates cannot be accepted unequivocally they do suggest that some paintings and cupules are Pleistocene in age. A gap of only 500 years between cupule production and Bradshaw painting production raises questions about the relative sequence of rock-art styles in the region. Watchman's AMS determinations on Bradshaw paintings thus support our contention that the minimum ages of 4500 years obtained from crusts on top of cupules do not indicate maximum limits for cupule production and that some cupule ages could be substantially older. Finally, archaeological excavations at a number of Kimberley sites have noted a long cultural hiatus between about 19,000-20,000 years ago and 8000-3000 years ago (O'Connor 1990: 367; Morwood 1998; Morwood and Hobbs 1998) . If the Jinmium sediments conform to this pattern, then it is likely the cupules were either made prior to 19,000 years ago or in the Holocene and that many of the paintings were applied after the cupules during site re-occupation.
Conclusions
A significant achievement of this project is the dating of oxalate-carbon in thin layers, only 0.25 mm thick, using extremely small samples obtained from micro-excavations of rock surface crusts. While there is some variability in radiocarbon ages through crustal layers the determinations provide reliable age estimates for the timing of oxalate deposition. The measurements also show, at the nanometer scale, the relatively uniform deposition of oxalate across small areas of crust, despite the presence of slight undulations. Formation of oxalate in crusts occurs through time and space with deposition in a cupule being controlled by environmental factors and surface conditions across short distances. The range of radiocarbon determinations for carbon associated with oxalate minerals deposited in thin crusts over cupules and rock ledges obtained at these sites in the Jinmium-Granilpi area highlights the potentially complex histories and processes leading to crust formation. The minimum age of a cupule can be estimated after assessing the chronological integrity and the internal and external consistency of the age estimates and by observing the extent to which textural and structural features contribute to disrupting stratigraphic and age relationships within the overlying crust.
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